Invasive and noninvasive methods for evaluating the effects of hemodynamics on progression of left ventricular hypertrophy (LVH) in patients with chronic kidney disease (CKD) have been proposed. Central aortic pressure (CAP) has been reported to be the best among selected measures of hemodynamics for predicting LVH. However, there are few studies examining the relation between longitudinal changes in CAP and renal dysfunction in patients with CKD. Methods: Sixty-seven patients with CKD stages 3-5 (female/male ratio: 26/41, age: 61.5 ± 13.1 years) were followed for 5 years. Before and at the end of the 5-year period, CAP was recorded by an automated tonometric system (HEM-9000 AI; Omron Healthcare, Kyoto, Japan). Second systolic aortic blood pressure (SBP2) was employed as an index of CAP. Results: Throughout the study, systolic blood pressure (SBP) was well controlled. Renal function followed by estimated glomerular filtration rate (eGFR) gradually worsened as a whole. Ten patients had renal replacement therapy, 3 patients developed cardiovascular diseases and 2 patients were found to have a neoplasm during the 5-year observation period. SBP2 increased from 120 ± 19 to 125 ± 33 mm Hg and eGFR decreased from 38.2 ± 18.2 to 29.5 ± 16.3 ml/min/1.73 m 2 ; however, these differences did not achieve significance. The left ventricular mass (LVM) index significantly increased from 115.5 ± 10.5 to 131.2 ± 11.7 g/m 2 (p < 0.05). Although the changes in SBP2 and eGFR looked like a mirror image, there was no significant correlation between the two factors. Moreover, multivariate regression analysis did not reveal a close correlation between SBP2 and CKD progression. In contrast to the decline of renal function, the baseline 
Introduction
In patients with chronic kidney disease (CKD), hypertension is closely associated with left ventricular hypertrophy (LVH). LVH is caused by a chronically increased workload on the heart [1] by hypertension and is a strong predictor of mortality in patients with CKD [2] . According to data from the Chronic Kidney Disease Japan Cohort (CKD-JAC) study [3] , independent risk factors for LVH were a history of cardiovascular disease (CVD), systolic blood pressure (SBP), body mass index, and serum calcium level. Since nearly half of the patients had diabetes mellitus (DM), the findings of this study might be different than those for non-DM patients. In non-DM patients with a progressive decline of renal function, it has been proposed that pulse pressure (PP), which is known as a marker of stiffness of large arteries [4] , is the sole predictor of LVH [5] . In patients with essential hypertension, Verdecchia et al. [6] demonstrated that SBP mainly contributed to the association between PP and LVH. Compared with hypertensive patients, biochemical factors are known to be additionally involved in the progression of LVH in patients with CKD [2] .
In the vasculature of patients with CKD, arterial stiffness is a composite product of pressure-mediated damage and biochemical alterations [7] . Several studies provided evidence that aortic stiffness plays a role in the decline of renal function [8, 9] . Moreover, increased local arterial stiffness increases the pressure ratio of the forward wave which affects the central aortic pressure (CAP). Recently, Ng et al. [10] have reported the relationship between CAP and the left ventricular mass (LVM) index and pulse wave velocity (PWV) in non-DM patients with CKD and in renal transplant recipients. This cross-sectional study demonstrated that a change in CAP could only be explained by peripheral PP but not by the LVM index and PWV.
The aim of the present longitudinal study was to evaluate the relation between the changes in CAP and LVM index and renal dysfunction in patients with CKD stages 3-5.
Patients and Methods
This was a prospective, observational, single-center cohort study. This study was conducted in accordance with the Declaration of Helsinki. Approval for the study was obtained from the Saitama Medical University Ethics Committee, and written informed consent was obtained from each participant.
Patients with CKD stages 3-5 [estimated glomerular filtration rate (eGFR) 60-0 ml/min/1.73 m 2 without dialysis] [11] were recruited from specialist renal clinics at the Renal Disease Center, Saitama Medical University from October 2006 to March 2007. All participating patients were followed for 5 years or until death occurred, dialysis therapy was started, renal transplantation was performed, neoplasm was found, or cardiovascular events occurred (fatal or nonfatal myocardial infarction, cerebrovascular diseases, or aortic dissection). Inclusion criteria were CKD stages 3-5 as defined by K/DOQI [12] , not yet being on dialysis, stable renal function within the last 3 months, <5 ml/min/1.73 m 2 change in eGFR, and no change in medication in the preceding 3 months.
Exclusion Criteria
Exclusion criteria included DM, atrial fibrillation, known left ventricular dysfunction (ejection fraction <55%), or signs and symptoms of congestive heart failure, pregnancy or lactation, significant valvular or coronary heart disease, cardiac arrhythmia or conduction defects, systemic diseases, proteinuria in the nephrotic range (<3.0 g/day), and use of sedative or hypnotic drugs or any other drugs potentially affecting blood pressure (BP) during ambulatory monitoring, e.g. corticosteroids.
The serum creatinine, urinary excretion of creatinine and protein, and hematologic and serum tests including urea, uric acid, blood urea nitrogen, electrolytes, etc., were obtained at the beginning of the observation period, during every month of follow-up, and at the end of the observation period. eGFR was calculated using a modified 3-variable equation for eGFR in Japanese patients: eGFR = 194 × age -0.287 × sCr -1.094 (× 0.739, if female), where sCr = serum creatinine [13] .
Cause of Renal Impairment
The cause of CKD was assessed by a review of the clinical history and other investigations. Patients were classified as 'hypertensive/glomerulosclerosis' if they had no clear evidence of active renal disease but had a history of hypertensive diseases and a positive urinary protein excretion without casts. The underlying etiologies of CKD in our study patients included chronic glomerulonephritis in 51 patients (76%), hypertensive nephrosclerosis in 13 patients (19%), and other diseases in 3 patients. All patients were treated with antihypertensive drugs including renin-angiotensin inhibitors, and their blood pressure was well controlled.
BP Measurements
BP was not measured in the clinic; patients were given instructions on how to measure and record their own BP at home. BP measurements were recorded at least twice a week at home in the sitting position -once in the morning before breakfast within 30 min of awakening and once in the evening just before dinner. Home BP measurements were made using the HEM 401C (Omron Life Science Co. Ltd., Tokyo, Japan), a semiautomatic device that operates on the cuff-oscillometric principle and generates a digital display of SBP and diastolic blood pressure (DBP) and pulse rate [14] .
Measures of PWV and Second Systolic Aortic Blood Pressure
Second systolic aortic blood pressure (SBP2) was defined as an index of CAP. PWV was measured using an automatic waveform analyzer (form PWV/ABI; Omron Colin, Co., Ltd., Komaki, Japan). All individuals were examined after resting in the supine position for at least 5 min, and radial artery pulse waveform was recorded by an automated tonometric system (HEM-9000 AI; Omron Healthcare, Kyoto, Japan) with patients in a sitting position. SBP2 was well correlated with CAP, which was measured simultaneously by the direct catheter method [13] [14] [15] . Two measurements were taken 5 min apart, and their average was used in the analysis.
Echocardiography
Left ventricular end-diastolic and end-systolic diameter, ventricular septal wall thickness, and left posterior wall thickness were assessed by M-mode echocardiography after selecting the measurement section by B-mode echocardiography. The LVM index was calculated according to the Penn formula. Data were averaged over 5 cardiac cycles [15, 16] . Echocardiography was performed before the start of the study and at the end of the 5-year study. The interobserver agreement was 90% and the intraobserver agreement was 91%.
Statistical Analysis
Statistical analyses were performed using JMP software, version 9 (JMP, SAS, Cary, N.C., USA). Correlations between various characteristics were determined using Pearson's correlation test. p < 0.05 was considered significant. Univariate analysis for the decline of renal function as evaluated by eGFR and for the increase in LVM was used to assess the relationship between the differences in eGFR or the increase in LVM and selected variables. Parameters reaching a significance level of p < 0.05 were entered into both forward and backward selection algorithms. Multiple linear regression analysis was used to examine the independent predictors of differences in eGFR or the increase in LVM index.
Patient event-free curves were calculated by the Kaplan-Meier life-table analysis method, and differences between the groups were evaluated by the log-rank test. Values are given as means ± SD. The significance of differences in the echocardiographic and tonometric data at baseline and after 5 years was assessed by paired t tests. p values <0.05 were regarded as statistically significant.
Results
Sixty-seven patients with CKD stages 3-5 were enrolled in this study. Their baseline characteristics are summarized in table 1 .
Fifty-two patients did not develop CVD or neoplasm, did not receive dialysis, and did not undergo renal transplantation during the 5-year follow-up period. A comparison of parameters measured at baseline among patients who developed end-stage renal disease (ESRD), patients who developed CVD or neoplasm, and the other 52 patients who were followed for the entire 5-year period is shown in table 2 . The baseline value of eGFR was significantly lower in patients who progressed to ESRD, and there were no significant differences in other parameters among the 3 groups.
The changes in SBP, DBP, PP, eGFR, brachial-ankle PWV (baPWV), heart rate (HR), SBP2, and LVM index of the 52 patients at the start and at the end of the 5-year observation period are shown in figures 1-3 . Except for the LVM index (p < 0.05), there were no significant differences in the parameters at the two time points. Kaplan-Meier curves of the patients are 1.56 ± 1.22 0.54 ± 0.92 n = Number of patients followed for 5 years; Cr = creatinine. * Indicates p < 0.05 compared with the patients followed for 5 years.
shown in figure 4 . The incidence-free rates at 1 year and 5 years were 90 and 78%, respectively. Tables 3 and 4 display the results of the univariate analysis of demographic variables on decline in renal function and increase in LVM index, respectively , in the 52 patients who were followed for the 5-year period. In the univariate analysis, the increased LVM index had positive correlations with baseline SBP2, SBP and PP, and the decline of renal function was correlated with age and the baseline value of eGFR. After multiple forward linear regression analysis, the baseline SBP2 was independently correlated with the increased LVM index (p < 0.05), and the baseline value of eGFR was independently correlated with the decline of renal function (p < 0.01). 2) 0.113 9.00 0.03 LVM (g/m 2) 0.053 2.26 0.14 Cr = Creatinine. Table 5 shows the comparison of laboratory findings of the 52 patients at the start and at the end of the 5-year observation period. Also, table 5 shows the parameters obtained from echocardiography at the start and at the end of the 5-year observation period. No parameters showed a significant difference.
Discussion
This observational study demonstrated a significant increase in LVM index over a 5-year follow-up period in patients with moderately advanced-stage CKD, despite stable BP and normal LV systolic function. This increase might be predictable by the baseline value of SBP2 as an index of central aortic pressure. We also identified that the baseline value of eGFR was an important predictor for progression to ESRD. This notion is generally accepted in advanced CKD patients. However, the decline of renal function did not correlate with any other variables except for baseline age and eGFR at the start of the observation period. The factors that determine or are associated with the decline of renal function have been controversially discussed. Previously, Chue et al. [17] reported that serum phosphate independently predicted a decline in renal function in early CKD but not PWV. In contrast, Kim et al. [18] reported that PP was an independent risk factor for a rapid decline in kidney function in populations with relatively preserved kidney function. Our present findings are similar to those published by Ng et al. [10] Cr = Creatinine; IVST = intraventricular septum thickness; PWT = posterior wall thickness; EF = ejection fraction. explained by peripheral PP. Compared with previous reports, our observational period was relatively longer. In the short-term period, several hemodynamic factors such as SBP, PP, and PWV may play some roles; however, over the long term, since these factors are modulated by increases in dose and/or number of antihypertensive drugs, the effects of such hemodynamic factors would be cancelled. There have been no definite studies examining the effects of antihypertensive agents on CAP except the CAFE study [19] , in which CAP was the only hemodynamic variable associated with CVD events in hypertensive patients. In line with that study, CAP might be a strong predictor of progression of LVH in hypertensive CKD patients.
Seifert et al. [20] detected a significant increase in LVM, which was not associated with changes in other biomarkers that have been related to worsening CVD risk such as SBP , DBP, and LV systolic function. They proposed an association between the increase in LVM index and klotho expression, the testing of which is not available in general clinical practice.
There are potential limitations to our study. Although prospective, it was observational and cross-sectional in design and therefore subject to potential residual confounding. Another limitation was the lack of available plasma samples to generate data of other biomarkers of progression of LVM, such as fibroblast growth factor 23, brain natriuretic peptide and so on. The cause of an increase in LVM index is complex and includes various factors. Moreover, a large proportion of patients were receiving antihypertensive medication as is typical of this population. Antihypertensive therapy leads to a decrease of LVM index [21] and PWV [22] . Besides, we did not measure carotid intima-media thickness in our study as a well-established intermediate phenotype. Further, our study was limited by a small patient number. Finally, this study was performed at a single renal center; thus, generalizability of the findings to other populations, including other sites, is unknown; however, this might have cancelled the variable factors produced by multiple centers.
Overall, during the 5-year observation period, 15% of the participating patients with CKD stages 3-5 developed ESRD. This figure is not high compared with that in general clinical practice in Japan [23] . Also, only 3 patients suffered from CVD during 5 years, indicating that BP control is most important for CKD patients [24] . Moreover, even under well-controlled BP, CAP should be monitored carefully, because LVH is one of the major risk factors for CVD in CKD patients [25, 26] .
In conclusion, it is suggested that worsening of renal dysfunction is not solely dependent on hemodynamics. Other factors might be involved in a complex manner.
